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Abstract 
The goal of this research was to describe the effects of the main anodization variables on the 
morphology of the resulting titania nanotube arrays. Four variables were considered in this study: 
applied voltage, fluoride and water concentrations, and time. The first three variables were studied 
simultaneously in a central composite design of experiments using SEM measurements of tube 
length as the response variable. The effect of time was modeled using transferred charge as the 
response variable. A field assisted oxidation-dissolution growth model was validated over a broad 
range of experimental conditions under which tube growth can be accurately predicted directly 
from the current transients using Faraday’s laws. The effects of anodization variables were 
described based on this model and a simple, empirical kinetic expression was obtained and 
successfully tested against data from other authors with fairly small errors over a broad range of 
conditions. 
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1. Introduction 
Anodically grown titania nanotube arrays are an attractive material that has found a broad span 
of applications in photocatalysis[1], gas sensing[2], energy conversion[3] and storage[4-6], and 
biomedicine[7], each application with particular morphology requirements. Another appeal of this 
material is that morphology can be easily tuned by adjusting the anodization parameters, 
particularly applied electric field, bath composition and temperature. There are many reports[8-
11] and some reviews[12-14], of the effect of voltage, fluoride concentration, water content, and 
temperature, but very few explore the interactions of those variables[15].  
Understanding the role of the synthesis variables has helped to discern the growth mechanism of 
titania nanotube arrays. In aqueous electrolytes, for example, it has been proposed that a regular  
tubular structure is produced by the evolution of oxygen bubbles through the recently formed 
oxide[16]. In organic electrolytes, which are preferred because their use allows for the growth of 
tubes over a very wide range of lengths[17] and diameters[18], there is considerable controversy 
regarding the growth mechanism[16]. Two different mechanisms are broadly accepted. The first 
one is that pores are formed by the field assisted chemical dissolution of the oxide due to the 
presence of fluoride ions[16]. A second model suggests that there is a plastic flow of the oxide 
due to mechanical stress at the growth front of the tubes[19]. This hypothesis was proposed 
because tube length was greater than predicted using the field assisted dissolution growth 
model[20]. A third model was proposed recently suggesting that anodization does not produce 
titanium dioxide nanotubes before drying the anodized sample, instead, this growth mechanism 
proposes that anodization produces a porous matrix -without interpore gaps- composed of a 
mixture of titanium oxides and hydroxides and the final morphology and composition of the titania 
nanotube arrays is obtained due to dehydration during drying after anodization [5]. From this 
controversy, it can be seen that the actual growth mechanism of titania nanotube arrays remains 
unclear. Thus, one of the aims of the present work is to provide new evidence and analysis and 
contribute to the understanding of the growth mechanism. 
To understand the coupled interactions of potentiostatic anodization parameters, and to gain 
insight on the growth mechanism of the nanotubes, this paper presents a systematic study of the 
influence of voltage, fluoride concentration and water content on the morphology of the nanotubes 
grown using ethylene glycol as solvent. The interactions of these variables are found to be very 
significant and a simple mathematical model is developed to accurately predict tube length. 
Physical explanations are provided to the observed adverse effect of water in terms of the 
conductivity of the oxide, and to a quadratic influence of fluoride concentration ascribed to its 
effect on both electrolyte conductivity and chemical dissolution. Regarding the growth 
mechanism, evidence from the current transients supports a field assisted dissolution model in 
which the formed oxide stays in position unless dissolved. Furthermore, it is found that transferred 
charge, calculated as the integral of current over time, can be used as a parameter in a simple 
expression that accurately predicts the length of the nanotubes. Lastly, the kinetic expression 
derived herein is, to the best of the authors knowledge, the first mathematical expression to 
accurately predict tube length using four anodization conditions: time, voltage, fluoride and water 
concentrations. The accuracy of the kinetic model was satisfactorily tested against data from other 
authors. 
 
2. Materials and Methods 
Titanium foils (50µm thick, 99.6 %, Gallium source) were used as cathode and anode for 
anodizations in ethylene glycol solutions containing varying amounts of ammonium fluoride (99 
%, Sigma Aldrich) and deionized water with a resistivity of 16 MOhm cm (see Table 1), without 
stirring, at room temperature, and during 3600 s. 1 x 2 cm2 of the anodes were immersed in the 
anodization bath, i. e. effective area was 2 cm2 on each side for a total of 4 cm2, and 1 x 1 cm2 
were left outside for the connections to the DC power supply and an ammeter (Uni-Trend 71b) to 
record current every second in a computer. The cathode was a foil with two times the area of the 
anode and was placed 2 cm away from it. Prior to anodization electrodes were thoroughly washed 
with soap water, then with deionized water, then immersed in ethanol for 10 min, and dried with 
air-stream. Once anodizations were completed, the anodes were submerged in ethanol for 20 
min, then dried with air-stream and stored for SEM characterization in a vacuum chamber for at 
least one night. No thermal treatment was performed. 
Morphology was studied using SEM (Zeiss Neon 40) at different magnifications (up to 100 Kx), at 
a working distance of approximately 3 mm, a voltage of 2 kV and using an aperture of 30 µm. To 
measure length samples were bent, and tube length was taken from images in which the bottom 
and the top of the nanotubes were easily identified, reporting the greatest value given that tilting 
of the tubes in the picture would lead to underestimation of the actual length. Diameters are 
reported as the outer cell size and were taken from bottom views and/or side views at high 




















20 1,75 0,15 60 
60 1,75 0,15 1.8, 4.2, 12, 60 
20 3,75 0,15 60 
60 3,75 0,15 60 
20 1,75 0,35 2.5, 7, 22, 60 
60 1,75 0,35 60 
20 3,75 0,35 60 
60 3,75 0,35 60 
20 2,75 0,25 60 
60 2,75 0,25 60 
40 1,75 0,25 60 
40 3,75 0,25 60 
40 2,75 0,15 60 
40 2,75 0,35 60 
40 2,75 0,25 60 
40 2,75 0,25 60 
40 2,75 0,25 60 
40 2,75 0,25 60 
 
Table 1. Design of Experiments- A face centered central composite design of experiments was 
performed covering a broad range of voltages and concentrations of fluoride and water in ethylene 
glycol[12]. The range was selected to cover common anodization conditions reported in the 
literature and the upper limits were defined in preliminary experiments at the beginning of this 
work. 
 Fig. 1. Exemplary measurements- Length measurements for samples anodized with 2.75 wt.% 
water and 0.25 wt.% fluoride at A) 40 V and B) 60 V. C) bottom view of A showing a typical 
measurement of the outer cell size. 
 
3. Results and discussion 
Titania nanotube arrays were synthesized in a conventional, straight forward anodization setup 
using titanium foils as both anode and cathode in a bath composed of varying amounts of fluoride 
and water in ethylene glycol at different constant voltages. Water and fluoride concentration, as 
well as voltage, were studied simultaneously in a central composite design of experiments in order 
to get a broad picture of the interactions between variables. 
 
Growth Mechanism- 
The goal of this investigation was to elucidate a physically consistent mathematical model to 
predict the nanotube length given the anodization conditions, including time. The physical 
consistency has to be aligned with some growth mechanism. There is controversy around this 
matter and several different mechanisms have been proposed to explain the formation of titania 
nanotube arrays: 1) field assisted dissolution[21], 2) plastic flow[19], and 3) dehydration of 
titanium hydroxides[5]. 
According to the field assisted oxidation/dissolution mechanism, tubes are formed because of the 
continuous dissolution of the oxide due to the presence of fluoride ions and the electric field. This 
is the conventionally accepted growth mechanism. In the early stages of growth, a compact layer 
of titania is formed on the surface of the parent foil. The electric field attracts fluoride ions to the 
growth front, causing pits and pores in the oxide. This pits continue growing deeper and shape 
the tubes inner pores and intertube spacings[12]. 
Tube length, according to the field assisted dissolution growth mechanism, can be predicted from 
transferred charge during anodization using Faraday’s laws of electrochemistry[12] -simple 
stoichiometry. However, evidence has been presented against this point, pointing at another 
mechanism involved in tube growth[19]. Some authors claim that tube length often exceeds the 
one predicted using the former mechanism, which would imply an efficiency exceeding 100 %. 
To explain this phenomenon, these authors have proposed that oxide from the bottom of the tubes 
flows upwards, causing an additional expansion of the oxide[19]. 
It is very important to note that the exact reasons behind the formation of such a highly organized 
structure are unknown[16]. In an attempt to explain the formation of the intertube spacing third 
growth mechanism was proposed recently[5]. According to this novel growth mechanism, a 
mixture of titanium dioxide and hydroxides without intertube spacing is formed, i. e. a composite 
matrix with the major pores, a structure similar to that of porous anodic aluminum oxide. The 
interpore spacing is created when the matrix shrinks during washing and drying after anodization. 
Although interesting evidence was presented from anodizations using water at high pH, the 
formation of a gap between tubes instead of wider pores due to shrinkage of the matrix seems 
unlikely, especially considering the mechanical stability of micron-long nanotubes. 
In order to select a growth mechanism on which to base the analysis, experimental data was 
collected and contrasted against the simplest model: field assisted dissolution. 
A simple approach was taken to study current transients with an engineering goal: from a single, 
easily measured, parameter obtain a high quality estimate to the length of the tubes. This was 
done by integrating the current evolution over the anodization time. The result is a total charge 
per unit area that reflects the extent of oxide growth. The slope of the data plotted in Fig. 2 was 
compared to the theoretical slope predicted using Faraday’s laws of electrochemistry, a very 
straight-forward calculation assuming 100 % efficiency from the oxidation reaction: 
 
𝑇𝑖 → 𝑇𝑖+4 + 4𝑒−                    (1) 
𝑇𝑖+4 + 𝑂−2 → 𝑇𝑖𝑂2               (2) 
 
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑇𝑖𝑡𝑎𝑛𝑖𝑎 𝑛𝑎𝑛𝑜𝑡𝑢𝑏𝑒𝑠 =
1 𝑚𝑜𝑙 𝑇𝑖𝑂2
4 𝑚𝑜𝑙 𝑒−
× 𝑀𝑇𝑖𝑂2 × 𝜌𝑇𝑖𝑂2
−1 × 𝑓−1 × 107 = 646 [𝑛𝑚 𝑐𝑚2 𝐶−1] (3) 
   
Where 𝑀 and 𝜌 are the molecular weight (79.866 g mol⁻ ¹) and density (3.1 g cm⁻ ³)[22] of titanium 
dioxide, 𝑓 is the Faraday constant and 10⁷ is a conversion factor from centimeters to nanometers 
because of the employed units. This is a simple calculation of the thickness of a compact oxide 
per unit area per unit charge derived from stoichiometry. 
 
Fig. 2. Charge and length- Charge per unit area calculated from current transients can predict 
tube length for all experiments in the range studied. The slope of the straight line on the plot is 
very close to the theoretical length to charge ratio from Faraday’s laws. Data of all 18 experiments 
in table 1 are plotted. 
 
The match of this prediction is undeniable from Fig. 2. This means that the length of the nanotubes 
is the same thickness of an equivalent compact oxide that exchanges the same amount of charge. 
What this implies is that field assisted dissolution proceeds only in the inner pores of the tubes 
and in the spacing between them, while the oxide that is not dissolved does simply stay in place. 
If there were any noticeable plastic flow of the oxide, tube length would be greater than predicted. 
Also, if a mixture of titanium oxides and hydroxides was forming, the stoichiometry would not 
match, meaning that the most compelling growth mechanism is the field assisted 
oxidation/dissolution. 
Expansion factor has been used as evidence to support plastic flow models[19,20], it is defined 
as the ratio of nanotube length over the length of metal consumed. The measured values of this 
expansion factor range from 3.3 to 1.4[20]. Indeed, in this work an expansion factor of 
approximately 2 is found: the maximum length reported here is 53 µm (grown on both sides of the 
foil), and the thickness of the metallic foil was ca. 50 µm. To calculate the expansion factor, the 
consumption of titanium must be estimated in the same fashion titania production was: 
 
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑇𝑖𝑡𝑎𝑛𝑖𝑢𝑚 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 =
1 𝑚𝑜𝑙 𝑇𝑖𝑂2
4 𝑚𝑜𝑙 𝑒−
× 𝑀𝑇𝑖 × 𝜌𝑇𝑖
−1 × 𝑓−1 × 107 = 275 [𝑛𝑚 𝑐𝑚2 𝐶−1]     (4) 
 
𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑇𝑖𝑡𝑎𝑛𝑖𝑎 𝑁𝑎𝑛𝑜𝑡𝑢𝑏𝑒𝑠







= 2.3                (5) 
 
It is important to note that the actual density of amorphous titania might depend on the anodization 
conditions, particularly on the water content. Evidence provided elsewhere[20] shows that 
increasing water content reduces the expansion factor and generates increasingly compact walls, 
while an opposite, weaker trend has been reported as function of applied voltage. For low water 
concentrations, a double walled structure, in which the inner wall is porous and the outer is 
compact, has been obtained[20]. Such structure tends to disappear in favor of a single, compact 
wall morphology with increasing water content. This behavior could be linked to the formation of 
a denser oxide corresponding to a smaller expansion factor. Changes in the expansion factor 
during different stages of tube growth can also be understood as changes in the composition 
and/or density of the oxide due to hydration[5,19]. This variability of the density could also account 
for deviations in Fig. 2. 
It is proposed that during the steady state of nanotube growth, the thickness of the barrier layer 
is constant. For that to happen, dissolution rate at the bottom oxide-electrolyte interface (BOEI) 
should equal the oxidation rate at the bottom oxide-metal interface (BOMI), as illustrated in Fig. 
3. The process will be limited first by the availability of ions in the electrolyte inside the pore of the 
nanotube, and second by the diffusion of ions through the bottom oxide. On one hand, voltage, 
length of the tube, and bulk composition of the electrolyte will determine availability of species at 
the BOEI. On the other, bottom oxide conductivity, not just its thickness, will determine the 
diffusion through the oxide.  
Although the bottom oxide thickness is constant, tubes continue to grow because the oxidation 
rate at the BOMI (the tube growth front) is faster than the dissolution at the top of the tubes and 
and the tube walls. In this fashion, new oxide is built under the undissolved walls adding to the 
length of the tubes. On the contrary, the oxide right under the inner pore of the tubes will eventually 
be dissolved. This is because the dissolution is field assisted, meaning it will occur in the direction 
of the field: perpendicular to the metal. Dissolution is faster where the field is stronger, and the 
field is stronger at the bottom oxide beneath the inner pore than underneath the tube walls 
because the oxide is thinner. In this way, the oxide that is formed will remain in position until the 
end of the anodization unless dissolved, and that is why the tube length is the same predicted 
using Faraday’s laws for a non porous oxide.  
 
   
Fig. 3. Growth Mechanism- During steady state tube growth, thickness of the bottom oxide 
remains constant because formation rate of new oxide at the bottom oxide-metal interface (BOMI) 
equals dissolution rate of the oxide at the bottom oxide-electrolyte interface (BOEI). The oxide 
formed underneath the walls remains undissolved while the one formed under the inner pore is 
continually dissolved. Oxidation and dissolution proceed perpendicularly toward the metal. 
 
Modeling synthesis conditions- 
A statistical model can be drawn from the design of experiments to relate the influence of 
electrolyte composition, but it would hold little meaning if no phenomenological considerations are 
taken. Instead, a simple, descriptive model is developed next. The analysis is done considering 
an error of 10 % in the measured values of length, that corresponds to about two times the 
standard deviation observed in four repetitions of the central point of the design of experiments. 
Regarding charge measurements, error is 5 % from the uncertainty in the measured anodized 
area. 
 
Effect of initial fluoride concentration (F)- 
The first point to address is the effect of initial fluoride concentration (F). It has two complementary 
influences. On the one hand, fluoride concentration is strongly related to oxide formation and 
dissolution reaction rates[11]. A feasible approach was presented in Fig. 3: in the steady state of 
growth of the nanotubes, oxidation at the bottom oxide-metal interface (BOMI) equals dissolution 
at the bottom oxide-electrolyte interface (BOEI). The BOMI is the growth front of the nanotube 
array, in other words, tube growth rate (rg) and oxidation rate at the BOMI are the same thing. 
Hence, dissolution rate at the BOEI equals tube growth rate so that the bottom oxide (also referred 
to as barrier layer) preserves a constant thickness once tube growth has been established. Lastly, 
since the field assisted dissolution of the oxide is proportional to fluoride concentration[11], it can 
be concluded that tube growth rate is proportional to fluoride concentration (Eq. 6) 
𝑟𝑔  𝛼  𝑟𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛  =   𝑟𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  𝛼  𝐹                      (6) 
 
On the other hand, fluoride concentration is directly proportional to the conductivity of the 
anodization bath (κelectrolyte) and this, in turn, is proportional to the growth rate of the nanotubes[23] 
(Eq. 7).  
𝑟𝑔  𝛼  𝑘𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒   𝛼  𝐹                          (7) 
 
Effect of initial water content (W)- 
Next point to address is the influence of initial water concentration (W). It can be intuitively inferred 
that water, being the main source of oxygen[24], will enhance the growth rate (rg) of the oxide, but 
evidence presented here as well as elsewhere[20,25] rebuts intuition. This behaviour can be 
explained in the same way non thickness limited oxide growth occurs on other valve metals[26]. 
When water is scarce, availability of oxygen is restricted and vacancies tend to form in the growing 
oxide. This non-stoichiometry of the oxide leads to increased electrical and ionic conductivity 
(λoxide) compared to oxide grown without water restrictions. When the initial concentration of water 
in the anodization bath is higher, occurrence of defects in the oxide, and oxide conductivity are 
lower, i. e. conductivity through the oxide is inversely proportional to the initial water content (W) 
in the electrolytic solution (Eq. 8). 
𝑟𝑔  𝛼  𝜆𝑜𝑥𝑖𝑑𝑒  𝛼  𝑊
−1                     (8) 
 
Based on this discussion it is expected that tube growth rate varies as a function of fluoride 
squared and inversely to the water concentration. Indeed, plotting this function (Eq. 9) against 
tube length for one hour anodizations yields straight lines with slopes that depend on the voltage 
(Fig. 4).  
𝑟𝑔  𝛼  𝐹
2𝑊−1                         (9) 
 
Fig. 4. Tube length as function of the electrolyte composition- Nanotubes grow longer with the 
square of the initial concentration of fluoride and the inverse of the initial water content in the 
ethylene glycol solution regardless of the voltage.  
 
 
Effect of voltage (P)- 
Anodization potential (P) has a very strong effect. The central point of the experiments design 
permits the isolate the effect of voltage, in which electrolyte composition is the same for the three 
different voltages, plus the consideration that at zero volts no tubes will form. The results are 
plotted in Fig. 5 (a) and the response is clearly exponential function of applied voltage. Also, it 
can be seen from Fig. 5 (b) that diameter is a linear function of applied voltage and is mostly 
independent from electrolyte composition (Filled circles in Fig. 5 (b)). Deviations from linearity 
appear at high voltages and low water concentrations (empty circles in Fig. 5 (b)). This is in 
agreement with other reports[25], and the reason is because water becomes the limit reactant at 
high voltages, restricting the thickness of the barrier layer (bottom oxide) along with the tube 
diameter but not the growth rate.  
 
 Fig. 5. Effects of applied potential (P)- (a) Exponential variation of length at the central point of 
the design of experiments, 0.25 wt.% ammonium fluoride and 2.75 wt.% water, nanotubes grow 
exponentially with the voltage. (b) Linear change of external diameter for all synthesis conditions, 
voltage is the key factor determining tube diameter. Empty circles correspond to the lowest water 
content at the highest voltage.  
The exponential response presented here is consistent with previous reports[27]. The reason is 
an enhanced ionic flux as a function of the applied voltage being the driving force that activates 
oxidation and dissolution. Indeed, according to [27] voltage can make up for an important part of 
the activation energy of the tube growth reaction. To compel the physical fact that no oxide will 
form in the absence of an applied potential, a first order voltage function is included multiplying 
the exponential, this is shown in equation 10. 
 
𝑟𝑔  𝛼  𝑃 × exp (𝛼𝑃)                 (10) 
 
No attempt was done to establish the effect of temperature on the growth kinetics of the nanotubes 
primarily because anodization is usually conducted at room temperature[12]. Nevertheless, there 
are other studies[27] that explain the role of temperature, concluding that the process is thermally 
activated and can be described by an Arrhenius function in which activation energy is a function 
of voltage. For this reason, the exponential parameter alpha in equation 10 is considered 
independent of electrolyte composition and voltage, and thought to be a function of temperature, 
which was not studied herein. 
 
 
Fixed time model- 
The mathematical model arises from equations. 9 and 10: 
 
𝑟𝑔  𝛼  𝐹
2𝑊−1𝑃 × exp (𝛼𝑃)            (11) 
 
Besides these relations, growth in the absence of fluoride must be considered. In that scenario 
thickness of the oxide would also be an inverse function of water concentration[26] and a linear 
function of voltage[28]. The model for the length of the nanotubes as a function of anodization 
conditions is presented in equation 12, in which L, F, W and P are tube length, fluoride 
concentration, water concentration and applied potential, respectively, and a and b are empirical 
constants that depend on anodization time, the temperature and, possibly, solvent properties. 
 
𝐿 = 𝑚 × 𝐹2 × 𝑊−1 × 𝑃 × exp (𝛼𝑃) + 𝑏 × 𝑃 × 𝑊−1                   (12) 
 
A more rigorous model should solve the transport equations to take into consideration the 
boundary conditions and the detailed effect of water content in the ionic diffusion through the 
oxide as well as the estimation of the inner pore diameter and the barrier oxide thickness, which 
was covered in a recent paper[25], not to mention the actual oxidation and dissolution kinetics. 
Yet, the simplified approach adopted here shows good results. 
Tests of the model of eq. 12 against data are shown in Fig. 4 and 6. In Fig. 4, the ratio Fluoride 
content squared over water content is presented for the different voltages plotted against 
measured length after one hour anodizations, falling in straight lines in all cases. In order to 
estimate the values of the empiric parameters ‘m’ and ‘b’, both sides of equation 12 were divided 
by voltage and multiplied by water concentration. In this way, the normalized length was plotted 
against a function of fluoride and voltage, obtaining a straight line with slope ‘a’ and intercept ‘b’. 
Fig. 6A shows the determination of these parameters, with a remarkable R² of 0.96. Finally, Fig. 
6B shows the comparison of the predicted data against the actual measurements, with an R² of 
0.98. 
 
 Fig. 6. Fixed Time Model-(a) Derivation of the model: tube lengths from all anodizations in table 
1 are plotted against the model in equation 7, dividing in both sides by the applied voltage and 
multiplying by water content, showing good agreement. (b) Experimentally measured length of 
nanotubes produced in the conditions presented in table 1 are compared to the length predicted 
by equation 12 using the parameters derived from (a). The accuracy of the model is clear. 
 
Effect of Time- 
At this point the model can only be used to predict tube length at 1 hour anodizations, which is 
impractical. A more useful kinetic expression must also explain the effect of time. Instead of 
running more experiments and measuring tube length at different times to derive a new 
expression that includes the influence of time, data from the same experiments already performed 
were used. It has been established that transferred charge is equal to tube length times a 
proportionality constant (k) (see Fig. 2). Thus, it can be assumed that charge for one hour 
anodizations can be modeled in the same way as tube length. Furthermore, transferred charge 
for different times under one hour can be easily calculated. Equation 13 shows the model for 
charge (Q) resulting from multiplying equation 12 times the proportionality constant between 
charge and tube length from Fig. 1. With this consideration, transferred charge at different times 
for all experiments from table 1 was used to derive the time dependent factors. In total 198 data 
points were considered in this analysis, which would have been very difficult to collect measuring 
tube length.  
 
𝑄 = [𝑚(𝑡) × 𝐹2 × 𝑊−1 × 𝑃 × exp (𝛼𝑃) + 𝑏(𝑡) × 𝑃 × 𝑊−1] × 𝑘             (13) 
A simple approach is taken to elucidate the identities of the time-dependent factors. First, the 
equation is divided by voltage and multiplied by initial water concentration, and the proportionality 
constant is now implicit in the time dependent factors: 
 
𝑄𝑊𝑃−1 = 𝑚(𝑡)𝐹2 exp(𝛼𝑃) + 𝑏(𝑡)                 (14) 
 
Now the equation has the form of a straight line in which the independent variable is the function 
of fluoride, water and voltage, the dependent one is charge per voltage, the slope is m, and the 
intercept is b. The slope and the intercept can be easily identified from a linear regression. 
Furthermore, functions of m and b over time can be obtained knowing their values at different 
times. Fig. 7 (a) shows several plots according to equation 14, demonstrating that the relation 
holds true even at different times. Fig. 7 (b, c) show the variation of the slopes and intercepts, m 
and b, over time. It is found that m is a linear function of time while the fluoride independent 
parameter b seems to increase with time towards an asymptote. The model is presented in 
equation 15, and the estimated parameters can be found in table 2. Fig. 7 (d) shows a comparison 
between the actual and predicted charge transferred under many anodization conditions at 
different times with very good agreement. 
 
𝑄 = 𝑎𝑡𝐹2𝑊−1exp (𝛼𝑃)𝑃 + 𝑐(1 − exp (𝛽𝑡))𝑃𝑊−1                   (15) 
 
Multiplying equation 15 by the proportionality constant between charge and tube length obtained 
above (Growth mechanism section, Fig. 2) yields the model in terms of tube length. Notice that in 
order to predict tube length one can use equation 15 and multiply the result by the proportionality 
constant or use equation 16 where A and C are the parameters a and c multiplied by the same 
proportionality constant 
 
𝐿 = 𝐴𝑡𝐹2𝑊−1exp (𝛼𝑃)𝑃 + 𝐶(1 − exp (𝛽𝑡))𝑃𝑊−1                   (16) 
 
 Fig. 7. Modeling charge as a function of time- The transferred charge during the anodization is 
modeled according to equation 14, and (a) plotted for different times, (b) to find that the parameter 
m is a linear function of time, with slope a = 1.55x10⁻ ⁴ C cm⁻ ² wt.%Water (wt.%Fluoride)⁻ ² s⁻ ¹. (c) 
The parameter b is a more complex function of time. (d) The transferred charge in the anodization 
under the conditions of table 1 from 300 s to 3300 s is compared against the values predicted by 
equation 15. Error bars for parameters m and b are calculated from each regression. 
 
 
Parameter (Eq. 16) Value Units 
a 1.55x10-4 C cm⁻ ² wt.%Water (wt.%Fluoride)⁻ ² s⁻ ¹ 
A 1.02x10-1 nm wt.%Water(wt.%Fluoride)⁻² s⁻¹ 
α 0.053 V-1 
c 0.156 C cm-2 V-1 wt.%Water 
C 103 nm V-1 wt.%Water 
β -6.25x10-4 s-1 
Table 2. Model Parameters- Numeric constants to be used in equation 15 and 16. 
 
A series of experiments was performed in order to validate the model presented here. The model 
developed above was obtained by integrating the current transients at different times for several 
anodizations that lasted for one hour (see table 1), in this way, the model, and all of the adjusted 
parameters are independent from experimental observations of variation of length over the time, 
in other words, it is entirely predictive. The model was experimentally evaluated making two sets 
of four anodizations at different times, each set with different conditions. The experimental 
conditions are in the lower and upper limits of voltage and fluoride concentration of the original 
experimental design and exhibit markedly different current transients as shown in Fig. 8.  
 
Fig. 8. Current transients of test experiments- Anodizations in two different conditions were ended 
at four different times to follow the change in the length of the nanotubes. (A): 20 V, 0.35 wt.% 
NH4F; 1.75 wt.% H2O. (B): 60 V, 0.15 wt.% NH4F; 1.75 wt.% H2O. (C) The model (dotted lines) is 
tested against length measured from (A) and (B). 
 
The main interest is to know how tube length varies over time, rather than how the tubes are 
formed. Thus, the anodization was interrupted in different times after characteristic features in the 
current transient appeared. In the case of the lower voltage, the current transient has the typical 
behavior found in titanium anodization[29]. According to the literature[12,30], the evolution of 
current is connected to different stages in the tube formation. Briefly, the initial increase and 
exponential drop of the current is due to the formation of a compact oxide layer, then, when the 
current is minimum, pits and pores appear and grow deeper enhancing diffusion of species, and 
thus increasing current until a maximum is reached. After the maximum, the current goes down 
slowly as the tubes grow longer. In this case, the anodization was interrupted near the maximum 
current, and in three other points afterwards (see Fig. 8A), and then were characterized under the 
microscope (see Fig. 9A-D). The second case is an anodization at a higher voltage in which the 
current transient is not typical. To wit, instead of reaching a maximum after the first minimum, the 
current continues to increase. For those reasons, the anodization was stopped near the minimum 
and in three other times after that. The morphology of the nanotubes is presented in Fig. 9, and 
the variation of length over time is shown in Fig. 8C. 
 
 
Fig. 9. Evolution of morphology over time- Tube length and surface appearance were monitored 
for two different anodization conditions for different times, labeled as 1 and 3 in Fig. 7, 
corresponding to the first and third, and second and fourth columns here, respectively. (A-D): 20 
V, 0.35 wt.% NH4F; 1.75 wt.% H2O. (E-H): 60 V, 0.15 wt.% NH4F; 1.75 wt.% H2O. 
 
The influence of time and anodization conditions in the morphology of the nanotubes can be 
understood from the micrographs. It can be seen in Fig. 9 that tube diameter remains unaltered 
from the very early stages of the anodization and throughout. Similarly, the appearance of the top 
of the arrays is greatly defined when the current reaches the minimum in the case of the high 
voltage anodization, and remains almost unvaried after one hour of anodization, which was the 
maximum time of the experiments. The pores look bigger in Fig. 9 D than in C, this indicates that 
the top of the arrays was etched over time. In contrast, Fig. 9 G and H look very similar, indicating 
that dissolution at the top of the nanotubes was not very significant in the studied time lapse. It 
has to be noted that the fluoride concentration was more than twice higher in the case of the low 
voltage compared to the other. This observation indicates that rather than voltage, the main factor 
determining the appearance and the dissolution rate at the top of the nanotubes is the electrolyte 
composition. 
Variation of tube length is almost a linear function of time. Fig. 8C shows the data of length at 
different times for the two different anodization conditions studied, which fairly fall in straight lines 
in both cases. The reason for the nearly constant growth rate is that diffusion through the oxide 
barrier layer is constant over time. According to Yin et al.[25] , the thickness of the barrier layer at 
the bottom of the tubes is directly related to their external diameter. Fig. 9 shows that tube 
diameter, and thus barrier oxide thickness, is defined very early. Although availability of species 
in the electrolyte-oxide interface at the bottom of the pore can be diminished with the increase in 
pore length over time, diffusion through a solid can be several orders of magnitude slower than it 
is through a liquid, making the diffusion through the oxide barrier layer the rate determining step 
for relatively short tubes.  
Finally, this model is tested against independent results. Table 3 shows the comparison between 
the length predicted with equation 15 and the actual values obtained by other researchers 
anodizing titanium in ethylene glycol electrolytes at room temperature. The first section of the 
table includes experimental conditions within or very close to the ranges of the variables studied 
in this work. The relative errors for such conditions fall below 25 % in most of the cases and the 
absolute errors are generally under 500 nm. The magnitude of the error is remarkably small 
considering the simplicity of the model. In order to explore the limits of this model, the lower 
section of table 3 shows the comparison of the model against anodization conditions exceeding 
the ranges studied in this work. It can be seen that this model greatly underestimates the effects 
of very high water and fluoride concentrations, and overestimates the tube length for higher 
voltages. From this comparison it can be said that the model is accurate for voltages between 20 
- 60 V, fluoride concentrations from 0.15 to 0.38 wt.%, and water concentrations from 0.9  to 5.0 
wt.%. Within this range, the influence of time is correctly captured by this kinetic model. 
The deviations of the model in conditions beyond the studied range could be due to the numerical 
conversion of charge into tube length. First, it must be emphasized that this model was developed 
to predict the charge transferred during the anodization while the comparison is done in terms of 
nanotube length because it is the response of interest and the charge is not commonly reported. 
Second, the conversion of charge into nanotube length has been done assuming an efficiency of 
100 % and an oxide density of 3.1 g cm-3. On the one hand, the assumption of a high efficiency 
may lead to the overestimation of the tube length. On the other, the use of the same oxide density 
in all cases can be misleading. The use of a different value of density is supported on the work of 
Berger et al., who found that the ratio of the length of the tubes to the length of consumed titanium 
-called expansion factor- varies as a function of the anodization conditions, increasing with voltage 
and being inversely proportional to initial water concentration. In the same paper [19], Berger et 
al. show how the tube wall changes with the expansion factor, from a double shell structure with 
a porous inner shell when the expansion factor is high, to a compact single wall as the expansion 
factor goes down. The value of 3.1 g cm⁻ ³ was measured for titanium-tungsten alloys anodized 
in the presence of ammonium pentaborate or phosphoric acid, and the analysis technique 
employed in the original paper does not allow for an exact determination of the composition of the 
oxide in terms of the presence of phosphate or bromide[22], yet it is a widely accepted value for 
the density of amorphous titania. This observations are a reasonable basis to assert that the 
density of the oxide depends on the synthesis conditions. A similar hypothesis is supported by 
LeClere et al. [31], who suggest that discrepancies in tube length from the predicted values using 
the ‘known’ density of amorphous titanium dioxide can be due to the inclusion of impurities that 
change the density of the oxide. Whether this is the reason or the empirical, simplified nature of 





























0.9 0.33 40 40 5.38 1480 1344 136 10% [32]* 
0.9 0.67 40 40 5.39 1481 1440 41 3% [32]* 
1.79 0.38 30 10 1.93 1236 1500 -264 -18% [33] 
1.79 0.38 40 10 3.62 2317 2500 -183 -7% [33] 
1.79 0.38 50 10 6.75 4321 4000 321 8% [33] 
1.79 0.38 60 10 12.66 8100 6000 2100 35% [33] 
1.8 0.17 40 40 2.69 740 1160 -420 -36% [32]* 
2.7 0.17 40 40 1.79 493 920 -427 -46% [32]* 
5 0.3 60 20 5.91 3780 3100 680 22% [34] 
5 0.5 20 60 2.18 1394 1300 94 7% [35] 
9.01 0.17 40 40 0.54 148 400 -252 -63% [32]* 
1.8 1 40 40 2.7 742 2800 -2058 -74% [32]* 
9.01 1 40 40 0.54 148 1360 -1212 -89% [32]* 
5 0.5 40 60 10.53 6737 2900 3837 132% [35] 
5 0.5 60 60 42.66 27302 10600 16702 158% [35] 
1.79 0.38 70 10 23.82 15244 7500 7744 103% [33] 
 
Table 3. Model v independent research- Data from the literature was collected and compared to 
the values predicted from the reported experimental conditions using the kinetic model developed 
here.  
Notes: * Values of length refer to the length of titanium that was consumed, not to the actual length 
of the nanotubes formed. 
 
4. Conclusions 
A comprehensive design of experiments was performed in order to understand the simultaneous 
effects of the main variables of the anodizing procedure to yield titania nanotube arrays: fluoride 
and water concentration, and voltage. It was found that nonlinear interaction effects are very 
strong, and an empirical kinetic model consistent with data was developed to accurately predict 
tube length as a function of time and synthesis conditions. To the best of the authors knowledge, 
this is the first kinetic model to accurately predict tube length over a broad range of conditions of 
water and fluoride concentrations, voltage and time. The accuracy was confirmed against data 
from other authors. 
It is suggested that tube growth is a field assisted dissolution process. It was found that growth 
rate is an exponential function of voltage, meaning that the process is voltage activated. 
Moreover; growth rate is highly dependent on fluoride concentration for two reasons: its impact 
on electrolyte conductivity, and its role on the dissolution of the barrier layer. Water, on the other 
hand, negatively impact the growth rate because it hinders conductivity through the barrier layer. 
Further support to the field assisted mechanism, without oxide flow, comes from the facile, 
accurate prediction of tube length from Faraday’s laws. 
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